Abstract: Bowl-to-bowl inversion is one of the characteristic behaviors for some flexible open-end molecular bowls consisting of polycyclic aromatic hydrocarbons with benzene rings fused by imbedded five-membered rings (π bowls). This intriguing dynamics was studied with sumanene, which is the smallest C 3v symmetric fragment of fullerenes. In this article, our ongoing research on the bowl-to-bowl inversion of sumanene, its benzylic anion species, hexasubstituted derivatives, mononaphthosumanene, and [CpRu(η 6 -sumenene)] + complex is summarized. Estimation based on density functional theory (DFT) calculation is also described.
INTRODUCTION
Open-end molecular bowls consisting of polycyclic aromatic hydrocarbons with benzene rings fused by imbedded five-membered rings attract interest in the science of nonplanar π-conjugated carbon systems in addition to fullerenes and carbon nanotubes (the term "π bowl" is used for such compounds in the present article, whereas they have been also called open geodesic polyarene [1] or buckybowl [2] ) [3] [4] [5] [6] [7] [8] [9] . Bowl-to-bowl inversion is one of the characteristic behaviors for some flexible π bowls (Fig. 1a) . This intriguing dynamics has been exclusively studied with corannulene (2a, Fig. 1b) , which is the smallest C 5v symmetric fragment of fullerenes with the bowl depth of 0.87 Å [10] , and its derivatives. Scott and co-workers demonstrated for the first time that the bowl-to-bowl inversion of the corannulene derivative 2b occurs rapidly with the activation barrier of 10-11 kcal mol -1 [11] . Further elaboration of the structures gave more detailed insight into the inversion dynamics, for example, the introduction of the rigid five-membered ring to the rim of corannulene was found to slow the inversion by Sygula and Rabideau et al. [12, 13] . Siegel and co-workers investigated the relationship between the inversion energy barrier and the bowl depth [14] . In this regard, sumanene (1, Fig. 1b) with the deeper C 3v symmetric bowl (1.11 Å) is another candidate molecule to investigate the inversion behavior [15, 16] . Furthermore, the facile functionalization using three benzylic positions permits the structural elucidation [16] [17] [18] [19] . In this article, we summarize our ongoing research on bowl-to-bowl inversion of sumanene derivatives and complex. The behavior is also estimated by density functional theory (DFT) calculation.
BOWL-TO-BOWL INVERSION OF SUMANENE
In the 1 H NMR spectrum of sumanene (1), a characteristic pair of doublets at 3.42 and 4.71 ppm was observed, assignable to the endo-and exo-benzylic protons, respectively [15] . Variable-temperature NMR of sumanene in p-xylene-d 10 solution revealed that the inversion barrier ΔG ‡ is estimated as more than 19.4 kcal mol -1 .
More detailed investigation was carried out by 2D exchange spectroscopy (EXSY) NMR experiments. Trideuteriosumanene 3 was used to measure the bowl-to-bowl inversion (Fig. 2) . In this molecule, the bowl-to-bowl inversion is equivalent to the isomerization between the diastereomers. Accordingly, estimation of the isomerization rate quantified by the cross-peaks in a 2D-EXSY NMR spectrum gives the inversion rate. From such experiments in CDCl 3 , the activation energy of 20.4 kcal mol -1 at 318 K was obtained ( 
BOWL-TO-BOWL INVERSION OF SUMANENE'S BENZYLIC ANION SPECIES
As mentioned in the introduction, sumanene (1) is characterized by its benzylic positions, where the corresponding radicals, cations, anions, carbenes, etc. are stabilized. In fact, the mono-, di-, and trianions are stepwise generated by treatment with the requisite amount of t-BuLi [16] . The dynamic behaviors of the monoanion 4 and dianion 5 were investigated. Treatment of 3 with the requisite amount of t-BuLi generated 4 and 5. The inversion behavior was first studied using 2D-EXSY NMR experiments in THF-d 8 . However, no cross-peak was observed in both of them. It suggests that the anions 4 and 5 maintain a relatively rigid bowl shape [20] . So, we planned to monitor the equilibration of exo-deuterated 4a and 5a by simple 1 H NMR measurement to investigate such slow inversion. Selective deuteration of the trianion was achieved to give 3a by precipitation with CH 3 OD at approximately -100°C (Fig. 3a) . Keeping 3a as a solid at room temperature did not induce the bowlto-bowl inversion. To generate monoanion 4a and dianion 5a, 3a was treated with the requisite amount of t-BuLi at approximately -100°C in THF-d 8 (Figs. 3b,c) , then the equilibration was monitored, respectively. The 1 H NMR spectra are shown in Figs. 3b,c. Growing of the exo-protons (4.46 and 3.88 ppm for 4 and 5, respectively) was observed in both spectra (Figs. 3b,c) [20] . The half-life times were 2755 s for 4 at 283 K and 7580 s for 5 at 273 K. The rate constants (ks) for the reversible equilibration of 4 and 5 were 9.10 × 10 -5 s -1 at 283 K and 3.40 × 10 -5 s -1 at 273 K, respectively, determined by regression analysis using the equation 2kt = ln[a/(a-2x)] where a is the initial concentration of 4a (or 5a) and x is the concentration of 4b (or 5b) at time t. Correlation coefficients of the linear regressions were 0.999 and 0.978. ΔG ‡ s were 21.8 and 21.5 kcal mol -1 for 4 and 5, respectively, calculated from the Eyring equation. Monoanion 4 and dianion 5 possess 1.5 and 1.2 kcal mol -1 higher barrier than that of 3, respectively.
LOCKING OF BOWL-TO-BOWL INVERSION IN EXO-SUBSTITUTED TRIS(TRIMETHYLSYLYL)SUMANENE
The reaction of the benzylic trianion with an electrophile was demonstrated by quantitative trapping with chlorotrimethylsilane, in which the exo-introduced tris(trimethylsilyl) derivative 6 was obtained with perfect selectivity, probably due to the steric demand (Scheme 1) [16] . Interestingly, bowl-to-bowl inversion of 6 was not observed in the variable-temperature NMR study. The tri-introduction of the trimethylsilyl group in the benzylic exo-position looks to lock the bowl-to-bowl inversion (or the equilibrium of the inversion might dominantly tilt to this isomer side).
BOWL-TO-BOWL INVERSION OF HEXASUBSTITUTED SUMANENES
The hexaallylated and hexa-p-methoxybenzylated sumanenes 7 and 8 were obtained by nucleophilic substitution reaction of 1 with aqueous 30 % NaOH solution as a base in the presence of a catalytic amount of tetrabutylammonium bromide and a minimum amount of THF in quantitative and 75 % yields, respectively (Scheme 2) [20] . Full characterization for all protons and carbons was carried out by 1 H NMR, 13 C NMR, 2D nuclear Overhauser spectroscopy (NOESY), heteronuclear multiple-bond correlation (HMBC), and heteronuclear multiple-quantum coherence (HMQC) experiments. The chemical exchange of H a -H a' and H b -H b' was analyzed for 7 and 8, respectively. The inversion barriers of 7 and 8 were 19.2 and 18.2 kcal mol -1 at 318 K, which are 1.2 and 2.2 kcal mol -1 lower than that of 3, respectively [20] . In terms of the inversion rate, these values are approximately 7 and 35 times as fast as that of 3. The facile inversion of hexasubstituted sumanenes may be due to the steric repulsion of the bulky endo-substituents.
BOWL-TO-BOWL INVERSION OF MONONAPHTHOSUMANENE
An additional fused ring on the sumanene structure is considered to slow the bowl inversion. In the study of the inversion dynamics for corannulenes, the additional five-membered ring effectively slows the inversion (ca. 27.65 kcal mol -1 ) [12, 13] .
Mononaphthosumanene 9 was synthesized via intramolecular dehydrative benzannulation of monoaldehyde, which was prepared through Suzuki-Miyaura coupling reaction of bromosumanene [21] with 2-formylphenylboronic acid [18] . Bowl-to-bowl inversion was examined by the conversion to dideuterated 9a, where the inversion is equivalent to the isomerization between the diastereomers 9a and 9b (Fig. 4) . As the inversion was not observed at room temperature, the equilibration between 9a and 9b was monitored in mesitylene-d 12 at 140 °C by 1 H NMR. Growing of the peaks for exo-protons (δ 4.42 and 4.54) was observed over a period of hours, as shown in Fig. 4 . The observed rate constant (k) and inversion barrier (ΔG ‡ ) of 9a are 8.20 × 10 -5 s -1 and 32.2 kcal mol -1 [18] , which is almost 10 kcal mol -1 higher than that of 3. 
BOWL-TO-BOWL INVERSION OF [CpRu(SUMANENE)] + COMPLEX
From a coordination chemistry viewpoint, π bowls are unique ligands because they can provide not only convex surfaces but also open concave surfaces for metal binding. π-Bowl complexes of various metals in several coordination modes have been prepared and characterized for over a decade [8, 22, 23] . We have also studied the complexation of sumanene, and demonstrated the first concave-selective binding complex [CpFe(η 6 -sumanene)]PF 6 (Cp=C 5 H 5 ) [24] [25] [26] . However, the bowl-to-bowl inversion has not been elucidated with π-bowl transition-metal complexes until our study for [CpRu(sumanene)] + complex 10 (Fig. 5a ).
The complex 10 was synthesized by ligand exchange with a Cp group of ruthenocene in the presence of sumanene, aluminum powder, and aluminum chloride without solvent under argon at 135 °C [27] . A pair of two species was observed in the 1 H NMR spectra of [CpRu(sumanene)]PF 6 (10) . The major and minor species were assigned to the concave-bound complex 10 concave and the convex-bound isomer 10 convex , respectively, by NOE experiments. The ratio of the concave and convex complexes depends to some degree on the solvent. In CD 2 Cl 2 , the ratio in the equilibrium is 75/25 for 10 concave /10 convex at 298 K. In more polar solvents, the equilibrium tends to the major isomer 10 concave (up to 90 % in CD 3 CN and CD 3 NO 2 ). 2D-EXSY NMR experiment of 10 clearly showed negative crosspeaks for the chemical exchange between H a-f and H a'-f' in one-to-one correspondence, as exemplified by a-a' (Fig. 5b) . The endo-benzylic protons H dendo and H eendo of 10 concave show correlations with the exo-benzylic peaks H d'exo and H e'exo of 10 convex (at 4.53 and 4.79 ppm, respectively), which are in a common region for exo-benzylic protons. Conversely, the exo-benzylic protons H dexo and H eexo of 10 concave showed correlations with the endo-benzylic peaks H d'endo and H e'endo of 10 convex (at 3.72 and 3.60 ppm, respectively), which are in a typical region for endo-benzylic protons. The bowl-to-bowl inversion can account for the phenomenon without inconsistency. The quantification of the cross-peaks in CD 2 Cl 2 gives an inversion barrier of 16.7 and 17.3 kcal mol -1 at 303 K for 10 convex to 10 concave and the reverse inversion, respectively (Fig. 5a ) [27] . Linear van't Hoff plots give a positive ΔH and a negative ΔS. From a mixture of the diastereomers, a single crystal of 10 concave , which is the major species, was obtained. In the X-ray crystallographic analysis, ORTEP diagrams clearly showed the concave-coordination (Fig. 6) [27] . Once the crystal of 10 concave was dissolved, both isomers of 10 appeared again. These results indicate that the preference of the concave or convex isomer is considered to be under thermodynamic control.
BOWL-TO-BOWL INVERSION STUDY USING CIRCULAR DICHROMISM (CD)
As described above, NMR methods are a powerful tool for investigating the bowl-to-bowl inversion dynamics. As another method, circular dichromism (CD) experiments can be used by following the racemization of an enantiopure π bowl in case the bowl-to-bowl inversion corresponds to the racemization. This method is complementary for the NMR methods. Sakurai and co-workers showed the efficiency of this method for the inversion of trimethylsumanene 11 and trimethylsumanenetrione 12 (21.6 kcal mol -1 in CH 3 CN at 233 K for 11 [28] , 23.4 kcal mol -1 in CH 3 CN at 300 K for 12 [29] ) (Fig. 7) . 
ESTIMATION OF ACTIVATION ENERGY FOR BOWL-TO-BOWL INVERSION OF SUMANENES BASED ON DFT CALCULATION
Estimation of bowl-to-bowl inversion based on calculation has been investigated since the report of the dynamics of a corannulene derivative. Correlation between a bowl depth x and an energy barrier E a (E a = Cx 4 ) is suggested [14] . Bowl-to-bowl inversion of sumanene (1) also has been studied. Theoretical calculation using DFT method suggested that the inversion barrier of 1 is 16.9 kcal mol -1 (B3LYP/ccpVTZ//B3LYP/cc-pVDZ, Gaussian 94) [30] .
With some experimental values in hand, the bowl-to-bowl inversion of 1, its benzylic monoanion 13 (C 21 H 11 -), dianion 14 (C 21 H 10 2-), and trianion 15 (C 21 H 9 3-), and naphthosumanenes 9, 16a, 16b, and 17 were theoretically studied.
Bowl-to-bowl inversion barriers were estimated from the energy difference between the optimized bowl structure and the planar structure for a transition state, as reported previously [30] . All calculations were conducted using a Gaussian 03 suite program. All the bowl-shaped compounds were structurally optimized at the B3LYP/6-31G(d,p) level. Planar conformers for the transition states were optimized at the same level of theory, and the structures were checked using the corresponding frequency calculation. Single-point energy calculation was conducted for these optimized structures to evaluate the bowl-to-bowl inversion barriers. After trial of some calculated conditions, use of B3LYP/6-311 + G(2d,p) approximately reproduced the experimental values. Therefore, these conditions were employed for the sumanene derivatives. 
SUMMARY
In summary, the bowl-to-bowl inversion of sumanene derivatives was focused on, and discussed based on the inversion barrier. ΔG ‡ of the deuteriosumanene 3 was 19.7-20.4 kcal mol -1 , depending on the solvents. The mono-and dianions of 3 showed the relatively rigid structure in solution (21.8 and 21.5 kcal mol -1 , respectively). Hexasubstituted derivatives 7 and 8 exhibited the low inversion barriers (19.2 and 18.2 kcal mol -1 , respectively). On the other hand, substitution with the trimethylsilyl group in the benzylic exo-positions looks to lock the inversion. Mononaphthosumanene 9 showed the barrier 32.2 kcal mol -1 . The bowl-to-bowl inversion behavior in the solution of a π-bowl complex [CpRu(sumanene)]PF 6 (10) was investigated by 2D-EXSY NMR. To estimate the activation energy of sumanene derivatives based on DFT calculation, use of B3LYP/6-311 + G(2d,p) is beneficial. The T. AMAYA AND T. HIRAO obtained dynamic aspect on bowl-to-bowl inversion is envisioned to lead a molecular switch or a molecular machine based on sumanene.
